INTRODUCTION

61
RNA viruses arose billions of years ago, becoming ubiquitous parasites of cellular life (1). The 62 RNA-dependent RNA polymerase of RNA viruses is monophyletic, providing a means to 63 consider the evolutionary history of all RNA viruses, to compare distinct groups of RNA viruses, 64 and to classify RNA viruses (2, 3) . Picornaviruses, whose origins predate the radiation of 65 eukaryotic supergroups (4), have been studied extensively. Poliovirus, in particular, has been 66 studied intensively for 100 years (5). The poliovirus RNA-dependent RNA polymerase was 67 initially purified and biochemically characterized in 1977 (6). Since then, labs across the globe 68 have studied the poliovirus RNA-dependent RNA polymerase in great detail [reviewed in (7)].
69
Picornavirus RNA-dependent RNA polymerases are multifunctional, catalyzing distinct steps of 70 viral RNA replication, from making primers (VPg-uridylylation) (8) (9) (10) (11) (12) , to replicating viral RNA 71 (13, 14) , to polyadenylation of progeny RNA genomes (15) . Solving the atomic structure of 72 poliovirus polymerase (16), and its elongation complex (17), led to unprecedented opportunities, 73 including our ongoing work to understand viral RNA replication mechanisms and error 74 catastrophe (18).
75
Picornaviruses have both asexual and sexual RNA replication mechanisms, both of which are 76 catalyzed by the viral RNA-dependent RNA polymerase (Fig. 1) . Asexual RNA replication 77 mechanisms involve one parental template whereas sexual RNA replication mechanisms 78 involve two or more parental templates. Previously, we established that an L420A polymerase 79 mutation exacerbates ribavirin-induced error catastrophe coincident with defects in sexual RNA 80 replication mechanisms ( Fig. 1) (18, 19) . Asexual RNA replication mechanisms are 81 advantageous because vast amounts of progeny can be produced very quickly from one 82 parental RNA template. However, asexual RNA replication mechanisms, in conjunction with 83 error-prone 21) , can be disadvantageous, contributing 84 to a loss of fitness due to Muller's ratchet (22, 23) . Errors introduced into viral RNA during 85 asexual RNA replication cannot be easily removed in the absence of viral RNA recombination, 86 except by reversion or negative selection (24). Reiterative asexual RNA replication, in 87 conjunction with genetic bottlenecks, leads to error catastrophe, an overwhelming accumulation 88 of mutations in viral RNA. Negative-strand RNA viruses like vesicular stomatitis virus, which do 89 not recombine, are especially susceptible to Muller's ratchet (23) . In contrast, picornaviruses, 90 which have relatively high levels of replicative RNA recombination (25, 26) , are somewhat 91 resistant to Muller's ratchet (27) (28) (29) . Nonetheless, ribavirin, a mutagenic antiviral drug, can 92 restrict picornavirus replication via error catastrophe (30, 31) . Replicative RNA recombination, a 5 form of sexual RNA replication (32), can counteract ribavirin-induced error catastrophe (18, 19) , 94 presumably by purging lethal mutations from viral RNA genomes (33, 34) .
95
A growing body of evidence indicates that sexual RNA replication mechanisms play an essential 96 role in picornavirus speciation and ongoing genetic exchange between viruses within defined 97 species groups (35) (36) (37) (38) (39) (40) (41) . Mucosal surfaces in the respiratory (42) and gastrointestinal tracts (41) 98 are important ecological environments for ongoing genetic exchange between related 99 picornaviruses. Gastrointestinal bacteria may even enhance virus co-infection to promote 100 recombination (43) . RNA sequence complementarity between genomes undergoing 101 recombination (26, 44) , among other factors (45), influence the frequency of recombination, with 102 higher rates of recombination when sequences are more alike. When two related viruses co-103 infect a cell, sexual RNA replication mechanisms lead to the generation of chimeric RNA 104 genomes, which are often fit, culminating in sustained host-to-host transmission. Circulating 105 vaccine-derived polioviruses, obstacles to poliovirus eradication, are products of sexual RNA 106 replication mechanismsformed when unfit portions of OPV RNA genomes recombine with 107 more fit regions of non-polio group C enteroviruses (46) (47) (48) . When recombinant progeny are fit, 108 as occurs in the case of circulating vaccine-derived polioviruses, the recombinant strains 109 circulate from host-to-host (49, 50) . Thus, an important biological consequence of sexual RNA 110 replication mechanisms is the frequent exchange of genetic material among related 111 picornaviruses. Picornavirus species groups are sustained over time by repeated, ongoing 112 genetic exchange between related viruses within the species group. A leucine 420 residue in 113 the polymerase thumb domain, conserved across picornavirus species groups, is required for 114 efficient RNA recombination / sexual RNA replication (18, 19) .
115
The interplay between asexual and sexual RNA replication (Fig. 1) 
127
Poliovirus and infectious cDNA clones. Poliovirus type 1 (Mahoney), and mutant derivatives 128 thereof, were derived from an infectious cDNA clone (52). Poliovirus RNAs were produced by 129 T7 transcription of MluI-linearized cDNA clones (Ampliscribe T7, Cellscript Inc.) and transfected 130 into HeLa cells to make infectious virus as previously described (15, 18, 19) .
131
Serial passage of poliovirus in escalating concentrations of ribavirin. Poliovirus was grown 132 in HeLa cells in the presence of escalating concentrations of ribavirin (Sigma-Aldrich) using 133 methods modified from those of Pfeiffer and Kirkegaard (53). HeLa cells were plated in 35mm 6-134 well dishes 24 hours before infection with WT or mutant parental strains of poliovirus at an MOI 135 of 0.1 PFU per cell and incubated in 0 uM (P0), 100 uM (P1 to P4), 400 uM (P5 to P9) or 800 136 uM ribavirin (P10). Virus was harvested at 24 hpi by three freeze-thaw cycles and titered by 137 plaque assay in HeLa cells. Three independent lineages of each parental strain were subjected 138 to 10 serial passages in escalating concentrations of ribavirin. We expanded the population of 139 poliovirus for each lineage after passage 10 by infecting a T150 flask of HeLa cells.
140
Viral cDNA was prepared from expanded passage 10 (P10 e ) viruses from each lineage and 141 sequenced to identify polymerase mutations fixed in the virus populations.
142
One-step growth of poliovirus. HeLa cells were plated in 35mm 6-well dishes 24 hours before 143 infection with wildtype and mutant polioviruses. An MOI of 10 PFU per cell was used for one-144 step growth conditions. After 1 hour for virus adsorption, the inoculum was removed and the 145 cells were incubated with 2 ml of culture media at 37°C. Total virus was harvested by three 146 freeze-thaw cycles at the indicated times post-infection. Titers were determined by plaque 147 assays. Mean titers from triplicates were plotted versus time post-infection with standard 148 deviation error bars.
149
Ribavirin dose-response assays. HeLa cells were plated in 35mm 6-well dishes 24 hours 150 before infection with wildtype and mutant polioviruses. An MOI of 0.1 PFU per cell was used for 151 ribavirin-dose response assays. After 1 hour for virus adsorption, the inoculum was removed 152 and the cells were incubated with 2 ml of culture media at 37°C. Total virus was harvested by 153 three freeze-thaw cycles at 24 hours post-infection. Titers were determined by plaque assays.
154
Mean titers from triplicates were plotted with standard deviation error bars. Statistical 155 significance was determined using the pairwise t test from GraphPad Prism (La Jolla, CA).
156
Viral RNA recombination and replication controls. Viral RNA recombination assays and 157 replication controls were performed as previously described (18, 19) . For viral RNA 158 7 recombination, L929 murine cells were co-transfected with two viral RNAs, each of which 159 contained a lethal mutation: ∆Capsid Donor and 3D pol ∆GDD Recipient. For replication controls, 160 L929 cells were transfected with full-length infectious poliovirus RNAs containing wildtype or 161 mutant polymerase, as indicated. Infectious poliovirus recovered from the transfected cells was 162 titered by plaque assay in HeLa cells. Mean titers from triplicates were plotted with standard 163 deviation error bars. Statistical significance was determined using the pairwise t test from 164 GraphPad Prism (La Jolla, CA).
165
Biochemical characterization of purified polymerase. Biochemical characteristics of purified 166 polymerase were examined as previously described (54) (55) (56) (57) . Briefly, proteins were expressed in 167 E. coli and purified through metal affinity, ion exchange, and gel filtration chromatography.
168
Initiation rates are based on the time needed to form a +1 product after mixing 5 uM polymerase 169 with 0.5 uM "10+1-12 RNA" and 40 uM GTP in reaction buffer containing 50 mM NaCl, 4 mM 170 MgCl 2 , 25 mM HEPES (pH 6.5), and 2 mM Tris(2-carboxyethyl)-phosphine hydrochloride 171 (TCEP), all at room temperature. Elongation complex stability measurements are based on 172 diluting a 15-minute initiation reaction 10-fold into the same buffer with 300 mM NaCl and then 173 testing the amount of elongation competent complex present at time points up to 4 hours and 174 fitting the resulting data to a single exponential decay function. Kinetics assays were done using 175 rapid stopped-flow fluorescent methods in 75 mM NaCl, 50 mM HEPES pH7, and MgCl 2 in 4 176 mM excess over total NTP concentration. Processive elongation rates were determined with 26-177 nt long template RNA bearing a 5'-fluorescein end label (54) and the single cycle data were 178 obtained with an RNA whose fluorescence reports on translocation of a template strand 2-179 aminopurine base from the +2 to +1 site following incorporation of a single CMP or 2'-dCMP 180 (57) . The Discrimination Factor is the ratio of catalytic efficiencies of CTP and dCTP 181 incorporation reactions, i.e. (k pol /K m ) CTP / (k pol /K m ) dCTP. 182 8
RESULTS
183
Serial passage of poliovirus in ribavirin. We adapted the methods of Pfeiffer and Kirkegaard 184 (53) to select for ribavirin resistance in poliovirus ( Fig. 2 ). We used serial passage in escalating 185 concentrations of ribavirin ( Fig. 2A) , beginning with several ribavirin-sensitive and ribavirin- 
199
In order to maintain an MOI of 0.1 PFU per cell for each serial passage, we monitored the titer 200 of poliovirus recovered from each infection ( Fig. 3 ). P 0 titers ~10 9 PFU per ml were obtained in 201 the absence of ribavirin ( Fig. 3 , P 0 ). Under most circumstances, the titers for each lineage of 202 virus were similar from passage to passage, with lower titers recovered as the concentrations of 203 ribavirin increased: titers of 10 8 to 10 9 PFU per ml for passage 1-4 in 100 uM Rb, a wider range 204 of titers from 10 5 to 10 8 PFU per ml for passage 5-9 in 400 uM Rb and titers ~ 10 6 to 10 7 PFU 205 per ml for passage 10 at 800 uM Rb. In some cases, the titers of poliovirus recovered for 206 independent lineages varied considerably from one passage to another: L420A lineage 2 207 (L420A2) titers dropped precipitously at passage 5 (~ 10 5 PFU per ml) and remained low 208 through passage 8 whereas L420A lineages 1 and 3 dropped at passage 5 but then increased 209 incrementally from passage 5 through passage 9. Similar divergence was apparent in G64 Fix 210 L420A lineages: G64 Fix L420A lineage 2 (G64 Fix L420A2) titers did not drop at passage 5 211 whereas G64 Fix L420A lineages 1 and 3 dropped precipitously at passage 5, with an incremental 212 recovery by passage 9. In contrast, titers for G64S lineages 1-3 remained relatively high at all 213 passages, as compared to other parental strains. Altogether, these data show that WT, ribavirin-214 resistant and ribavirin-sensitive parental strains behave differently during serial passage in 215 9 escalating concentrations of ribavirin, and that individual lineages of ribavirin sensitive parental 216 viruses become more resistant to ribavirin at different points during passage.
217
Polymerase mutations selected by serial passage in ribavirin. We expanded the population 218 of poliovirus for each lineage after passage 10 and sequenced viral cDNA to identify 219 polymerase mutations fixed in the virus populations (Table 1) . No polymerase mutations were 220 selected in 12 of 24 lineages, including all lineages of WT and ribavirin-resistant G64S parental 221 viruses. These data indicate that genetic bottlenecks were avoided -no mutations were 222 detected in expanded passage 10 (P10 e ) populations from WT or G64S parental viruses. In 223 contrast, we identified revertants, pseudorevertants or second site mutations fixed in expanded 224 passage 10 (P10 e ) virus populations in 9/9 lineages of ribavirin-sensitive parental viruses (Table   225 1). Ribavirin-sensitive parental viruses include L420A, G64 Fix L420A and G64S L420A (18).
226
Polymerase mutations were also detected in 1/3 lineages of G64 Fix , D79H and L419A parental 227 viruses, parental viruses with ribavirin sensitivity like WT virus ( Table 1 ). The precise nature of 228 polymerase mutations varied from one ribavirin-sensitive parental virus to another. A variety of 229 polymerase mutations were selected from L420A and G64 Fix L420A parental viruses (Table 1. 230 Lineage 1-3 of L420A and G64 Fix L420A viruses) while G64S L420A parental viruses had one 231 singular outcomereversion to L420 while maintaining the G64S resistance mutation (Table 1, 232 G64S L420A Lineages 1-3). These data indicate that mutational robustness played a role in the 233 nature of selected ribavirin-resistance mutations (34, 59) . When G64S was present alone (G64S 234 parental virus), or within an otherwise ribavirin-sensitive parental population (G64S L420A 235 parental virus), the only outcome was L420A reversion to WT while maintaining G64S alleles. In 236 contrast, when G64S was absent from the parental virus, or a codon mutation was used to 237 inhibit G64S emergence, a variety of novel polymerase mutations were selected during serial 238 passage in escalating concentrations of ribavirin. Thus, by using a variety of parental viruses, a 239 variety of polymerase mutations were selected during serial passage in escalating 240 concentrations of ribavirin. Altogether, polymerase mutations were selected in 12/24 lineages, 241 including L420A revertants (L420), L420A pseudorevertants (L420V and L420I), G64S and 242 several novel ribavirin resistance mutations (M299I, M323I, M392V and T353I) ( Table 1) .
243
The polymerase mutations selected during serial passage in escalating concentrations of 244 ribavirin were located at several sites within polymerase elongation complexes, but all were in 245 close proximity to RNA or the active site ( Fig. 4 ). G64S, a well-studied ribavirin-resistance 246 mutation (53, 58), is distal from the active site, near the back of the palm domain ( Fig. 4. G64S ).
247
L420A revertants and pseudorevertants are present in an alpha-helix in the thumb region of the 248 10 polymerase, where they pack into the minor groove of dsRNA products adjacent to the active 249 site of the polymerase (Fig. 4, L420) . L420, and presumably pseudorevertants thereof (L420V 250 and L420I), interact with the ribose of viral RNA products 3 bases from the active site (19).
251
M392V is found immediately adjacent to L420 and the primer grip in polymerase elongation 252 complexes ( Fig. 4, M392V) . The location of the M392V ribavirin-resistance mutation underpins 253 several important insights from this investigation. T353I is near the back of the palm domain, 254 near G64 (Fig. 4, T353I ). G64S and T353I residues both interact with S340, providing a 255 common partner for transmitting allosteric effects from the back of the palm to the active site.
256
M299I is buried in the palm domain, not far from M323I, which is found in the beta-sheet 257 containing the active site ( Fig. 4 ).
258
Ribavirin sensitivity of parental and progeny virus. We compared the titers of parental and 259 progeny virus populations grown in the presence and absence of 600 uM ribavirin ( Fig. 5 ).
260
Expanded passage 10 (P10 e ) viruses from each lineage were compared to their respective 261 parental viruses. Titers ~ 10 9 PFU per ml were obtained for all viruses when they were grown in 262 the absence of ribavirin ( Fig. 5 ). WT poliovirus, and the P10 e viruses derived from WT after 263 serial passage in escalating concentrations of ribavirin, remained sensitive to inhibition by 264 ribavirin, with titers below 10 7 PFU per ml when grown in 600 uM ribavirin ( Fig. 5 , WT). G64S 265 parental virus, and the P10 e viruses derived therefrom, retained resistance to ribavirin, with titers 266 well above 10 7 PFU per ml when grown in the presence of 600 uM ribavirin ( Fig. 5, G64S ).
267
Expanded passage 10 (P10 e ) virus from other parental strains exhibited a spectrum of 268 sensitivity to ribavirin, as compared to WT and G64S viruses ( Fig. 5 ). G64 Fix parental virus was 269 similar to WT poliovirus; however, G64 Fix lineage 3 was more resistant to ribavirin (Fig. 5,  
270
G64 Fix ), presumably due to the selected M392V mutation (Table 1 ). D79H parental virus was 271 similar to WT poliovirus, as reported (33), yet D79H lineage 2 was modestly resistant to ribavirin 272 (Fig. 5, D79H panel) , presumably due to the selected T353I mutation (Table 1) (Table 1) . Similarly, ribavirin-sensitive G64S L420A parental virus and its selected 11 progeny exhibited ribavirin phenotypes consistent with the genotypes of the respective virus 283 populations ( Fig. 5 and Table 1 ). Altogether, these data suggest that the polymerase mutations 284 selected during serial passage in escalating concentrations of ribavirin (Table 1) 
286
Virus derived from infectious cDNA clones. The polymerase mutations identified during 287 serial passage in escalating concentrations of ribavirin were reverse engineered into infectious 288 cDNA clones of poliovirus to derive genetically defined virus populations (Table 2 , Ribavirin 289 Selected Mutations). In addition, several engineered variants originating from our work, and that 290 of others, were similarly generated (Table 2, Engineered Variants) (18, 19, 53, 60) . Many of 291 these mutations lie within an extended primer grip region of the polymerase, consisting of L420, 292 M392 and primer grip residues (K375 & R376). All of the mutations listed here were stably 293 maintained in infectious virus, except for alanine substitution mutations in the primer grip 294 residues (K375A & R376A). K375A and R376A mutations were unstable, reverting back to 295 wildtype residues, precluding further evaluation, but the charge retaining K375R and R376K 296 mutants at these sites were stable. Virus containing polymerase mutations were assessed in 297 one-step growth assays ( Fig. 6 ), ribavirin dose-response assays (Fig. 7A ), viral RNA 298 recombination assays ( Fig. 7B ) and replication controls ( Fig. 7C ).
299
One-step growth of wildtype and mutant polioviruses. Before assessing ribavirin sensitivity 300 and resistance, we measured one-step growth of wildtype and mutant polioviruses in HeLa cells 301 (Fig. 6 ). HeLa cells were infected at an MOI of 10 PFU per cell, and virus yields were 302 determined at 0, 1, 2, 3, 4, 6, 8 and 24 hpi ( Fig. 6 ). Each of the viruses grew by 4 orders of 303 magnitude between 3 and 24 hpi, reaching titers ~10 9 PFU per ml. These data indicate that the 304 wildtype and mutant viruses have similar one-step growth phenotypes.
305
Ribavirin sensitivity and resistance. Poliovirus-infected HeLa cells were used to assess 306 ribavirin sensitivity and resistance ( Fig. 7A ). Wildtype and mutant polioviruses reached titers 307 ~10 9 PFU per ml in the absence of ribavirin ( Fig. 7A , 0 uM ribavirin). Wildtype poliovirus titers 308 decreased incrementally as the dose of ribavirin increased, reaching titers ~ 2 x 10 6 PFU per ml 309 in 1000 uM ribavirin ( Fig. 7A, WT) . Poliovirus with a G64S polymerase mutation resisted 310 inhibition by ribavirin, as previously reported (18, 19, 53) , reaching titers ~ 2 x 10 7 PFU per ml in 311 1000 uM ribavirin (Fig. 7A, G64S ). In contrast, poliovirus with an L420A polymerase mutation 312 was more sensitive to inhibition by ribavirin, reaching titers ~ 1 x 10 5 PFU per ml in 1000 uM 313 ribavirin (Fig. 7A, L420A) (18, 19) . Likewise, poliovirus containing both G64S and L420A 314 mutations was more sensitive to ribavirin, reaching titers ~ 1 x 10 5 PFU per ml in 1000 uM 315 12 ribavirin ( Fig. 7A, G64S L420A) . Thus, the ribavirin-resistant (G64S) and ribavirin-sensitive 316 (L420A) controls behaved as previously reported (18, 19) .
317
The viruses used in this investigation segregated into four ribavirin-responsive phenotypic 318 groups (Fig. 7A) : a ribavirin-resistant cluster (blue), a modestly ribavirin-resistant virus (green), a 319 wildtype cluster (black) and a ribavirin-sensitive cluster (red). Ribavirin-resistant polioviruses 320 included those with G64S, M299I, M232I and T353I (Fig. 7A , ribavirin-resistant cluster in blue).
321
Poliovirus with an M392V mutation was modestly resistant to ribavirin, as compared to the more 336 Viral RNA recombination. Based on our previous investigation (18), we predicted that ribavirin-337 resistant poliovirus might acquire polymerase mutations that facilitate sexual RNA replication 338 mechanisms as a means to avoid ribavirin-induced error catastrophe. Consequently, we 339 assayed the impact of polymerase mutations on the frequency of replicative RNA recombination 340 ( Fig. 7B ). In replicative RNA recombination assays, we co-transfect murine cells with two viral 341 RNAs, each of which contains a lethal mutation: 1, a subgenomic replicon with an in-frame 342 capsid deletion carrying the mutant polymerase, and 2, a full-length poliovirus RNA with a lethal 343 deletion of the active site GDD motif in the polymerase (18, 19) . Wildtype or mutant polymerase 344 is produced from the subgenomic replicon in the co-transfected cells. The amount of infectious 345 poliovirus produced in the co-transfected murine cells corresponds with the frequency of viral 346 RNA recombination. By comparing the titers of poliovirus, we assess the impact of polymerase 347 mutations on the frequency of viral RNA recombination (Fig. 7B ).
13
WT polymerase established wildtype levels of replicative RNA recombination in our experiments, 349 with titers of poliovirus ~ 10 5 PFU per ml ( Fig. 7B, WT) . A G64S mutation had no impact on the 350 frequency of viral RNA recombination ( Fig. 7B, G64S ), as compared to WT polymerase. In 351 contrast, an L420A mutation inhibited replicative recombination by two orders of magnitude, with 352 poliovirus titers ~10 3 PFU per ml (Fig. 7B, L420A ). Likewise, a G64S L420A polymerase 353 supported decreased levels of replicative RNA recombination, with titers near 10 2 PFU per ml 354 ( Fig. 7B, G64S L420A ). These outcomes for WT, G64S and L420A polymerases are similar to 355 those previous reported (18) frequencies at near wildtype levels, albeit with some variation in titers both above and below 10 5 363 PFU per ml (Fig. 7B, M392V , M299I, M323I, M392V and T353I).
364
Engineered polymerase mutations had divergent ribavirin and recombination phenotypes:
365
M392A was ribavirin-sensitive with wildtype levels of recombination while M392L exhibited 366 wildtype ribavirin sensitivity and wildtype levels of recombination (Fig. 7, M392A and M392L ).
367
Likewise, K375R exhibited wildtype ribavirin sensitivity and wildtype levels of recombination 368 whereas R376K was ribavirin sensitive with wildtype levels of recombination (Fig. 7, K375R 
372
As a control for the viral RNA recombination assay, we examined the impact of polymerase 373 mutations on virus replication in murine cells (Fig. 7C, Replication Controls) . Full-length 374 infectious RNA containing each of the polymerase mutations (Fig. 7C, x-axis) was transfected 375 into murine cells. Infectious poliovirus was recovered at 72 hpi by freeze-thaw and titered by 376 plaque assay (Fig. 7C, Replication Control) . These data show that the polymerase mutations do 
395
In a previous study (18), we compared the biochemical phenotypes of WT, G64S, L420A and 396 G64S L420A polymerases (Table 3) . A G64S mutation reduced the rate of RNA elongation in 397 both single nucleotide (23 per second for G64S versus 30 per second for WT) and processive 398 elongation assays (12 nt/s for G64S versus 22 nt/s for WT), with a corresponding increase in 399 the fidelity of RNA synthesis (Discrimination Factor of 220 ± 40 for G64S polymerase versus 400 120 ± 10 for WT). Consequently, G64S is considered a high-fidelity polymerase (53, 58 ). An 401 L420A mutation decreased elongation complex stability, increased RNA elongation rates, and 402 exhibited a wildtype discrimination factor (Discrimination Factor of 100 ± 10 for L420A 403 polymerase). Thus, L420A polymerase is considered to have normal (wildtype) fidelity.
404
Polymerase containing both G64S and L420A mutations has hybrid phenotypes, with faster 405 elongation rates like L420A polymerase and an increased discrimination factor (Discrimination
406
Factor of 220 ± 50 for G64S L420A polymerase). Consequently, G64S L420A is considered a 407 high-fidelity polymerase, like G64S polymerase. Consistent with our previous report (18), an 408 L420A mutation inhibits viral RNA recombination (Fig. 7B, L420A ) and renders virus more 409 susceptible to ribavirin-induced error catastrophe (Fig. 7A, L420 ). Furthermore, a high-fidelity 410 G64S L420A polymerase fails to render virus resistant to ribavirin when viral RNA 411 recombination is disabled (Fig. 7, G64S L420A ). Thus, a high fidelity polymerase fails to 412 mediate ribavirin resistance when viral RNA recombination is disabled (Fig. 7, G64S L420A ).
413
These observations for WT, G64S, L420A and G64S L420A polymerases provide a 414 15 foundational framework to interpret the biochemical data for the new polymerase mutants from 415 this study (Table 3) .
416
As compared to WT polymerase, L420V, M299I and T353I polymerases form more stable 417 elongation complexes (Table 3 , L420V, M299I and T353I). In contrast, mutations in the 418 extended primer grip of the polymerase significantly reduced elongation complex stability (Table   419 3, L420A, L420I, M392A, M392L, M392V, K375R and R376K). The M392V mutation reduced 420 elongation complex stability by 10-fold (EC Stability of 11 ± 1 min for M392V versus 130 ± 20 421 min for WT).
422
Primer grip mutations (K375R & R376K) exhibited divergent biochemical phenotypes (Table 3 ).
423
The K375R mutation reduced the rate of RNA elongation in both single nucleotide (36 per sec 424 for K375R versus 40 per sec for WT) and processive elongation assays (20 nt per sec for 425 K375R versus 26 nt per sec for WT), with a corresponding increase in the fidelity of RNA 426 synthesis (Discrimination Factor of 200 ± 20 for K375R polymerase). In contrast, the R376K 427 mutation increased the rate of RNA elongation in both single nucleotide (48 per sec for R376K 428 versus 40 per sec for WT) and processive elongation assays (65 nt per sec for R376K versus 429 26 nt per sec for WT), with a corresponding decrease in the fidelity of RNA synthesis 430 (Discrimination Factor of 17 ± 1 for R376K polymerase). The low fidelity R376K polymerase 431 rendered poliovirus more susceptible to ribavirin (Fig. 7A, R376K) , as one might expect, 432 however, the high fidelity K375R polymerase exhibited normal (wildtype) sensitivity to ribavirin 433 ( Fig. 7A, K375R) . The R376K polymerase also initiated RNA synthesis 2-fold faster than WT 434 polymerase. Together, these data show that conservative substitution mutations in the primer 435 grip (K375R & R376K) result in divergent biochemical phenotypes (Table 3 ) and divergent 436 ribavirin sensitivity (Fig. 7A ).
437
Polymerase mutations selected during serial passage in ribavirin tend to have reduced rates of 438 RNA elongation and increased discrimination factors (Table 3 , G64S, M392V, M299I, M323I 439 and T353I). The M299I, M323I and T353I mutations reduced the rate of RNA elongation in 440 processive elongation assays (18 nt per sec for M299I, M323I and T353I versus 26 nt per sec 441 for WT), with corresponding increases in the fidelity of RNA synthesis (Discrimination Factors of 442 120 ± 10 for M299I polymerase, 130 ± 10 for M323I polymerase and 160 ± 10 for T353I 443 polymerase). The M392V mutation reduced the rate of RNA elongation in processive elongation 444 assays (22 nt per sec for M392V versus 26 nt per sec for WT) and increased the fidelity of RNA 445 synthesis (Discrimination Factor of 160 ± 10 for M392V polymerase). Increases in the fidelity of 446 RNA synthesis are consistent with increased resistance to ribavirin (Fig. 7A, G64S , M392V, 16 M299I, M323I and T353I). Altogether, these data indicate that the polymerase mutations 448 selected during serial passage in escalating concentrations of ribavirin tend to increase the 449 fidelity of RNA synthesis coincident with decreased rates of RNA elongation.
450
We included a Y275H mutation in this study based on the report from Acevedo et al. (2018) (60).
451
Consistent with their data, we find that the Y275H mutation inhibits viral RNA recombination (Fig.   452 7B) without increasing sensitivity to ribavirin (Fig. 7A) . These phenotypes are distinct from those 453 associated with an L420A polymerase mutation, where decreased viral RNA recombination is 454 mechanistically linked with increased sensitivity to ribavirin ( Fig. 7A and 7B, L420A) . The 455 biochemical phenotypes of Y275H are important in this regard ( Table 3 ). The Y275H mutation 456 inhibits the initiation of RNA synthesis by 3-fold (13 ± 6 min for Y275H versus 4 ± 1 min for WT).
457
None of the other mutations in our panel exhibit this phenotype. The proximity of Y275 to the 458 template entry channel of the polymerase (56) suggests this defect in the initiation of RNA 459 synthesis may arise from defects in template RNA binding. In the discussion, we elaborate on 460 the structural and functional distinctions of Y275 and L420 residues in the polymerase, 461 especially as they relate to viral RNA recombination and ribavirin-induced error catastrophe.
DISCUSSION
463
In this investigation, we found that serial passage of poliovirus in escalating concentrations of 464 ribavirin selected for ribavirin-resistant polymerase mutations that facilitate efficient replicative 465 RNA recombination (Fig. 7) and increased fidelity of RNA synthesis (Table 3) (Table 1) . L420A revertants and pseudorevertants (L420I & L420V) 470 regained efficient viral RNA recombination coincident with ribavirin resistance (Fig. 7) . These 471 data reinforce our previous conclusions that viral RNA recombination counteracts error 472 catastrophe (18). A G64S mutation was selected in two instances, reinforcing its well-473 established role as a modulator of RNA synthesis fidelity (53, 58) . In addition to G64S, four 474 novel ribavirin-resistance mutations were identified: M299I, M323I, T353I and M392V. Two (Table 1) . Importantly, L420A revertants and the L420I and L420V 487 pseudorevertants restored efficient sexual RNA replication mechanisms coincident with ribavirin 488 resistance (Fig. 7) . These data reinforce the correlation between efficient viral RNA 489 recombination and resistance to ribavirin-induced error catastrophe (18).
490
Novel ribavirin-resistance mutations. Serial passage of poliovirus or FMDV in escalating 491 concentrations of ribavirin leads to the selection of ribavirin resistant polymerase mutations: a 492 G64S mutation in the poliovirus polymerase (53) and an M296I mutation in the FMDV 493 polymerase (62, 63). By using several ribavirin-sensitive and ribavirin-resistant parental viruses, 494 we obtained both known and unknown ribavirin resistant polymerase mutations following serial 495 passage of poliovirus in escalating concentrations of ribavirin ( Fig. 2 & Table 1 ). G64S 496 mutations were selected twice, M323I was selected twice, and M299I, T353I and M392V were 497 each selected once. The M299I mutation in poliovirus is distinct from the ribavirin-resistant 498 M296I mutation selected in FMDV as the poliovirus M299 residue corresponds to FMDV-I309 499 (62, 63) . Our biochemical data indicate that polymerase mutations selected during serial 500 passage in ribavirin tend to have reduced rates of RNA elongation and increased discrimination 501 factors (Table 3) . M299I, M323I and T353I mutations reduced the rate of RNA elongation in 502 processive elongation assays from 26 to ≈18 nt per sec, with slight increases in the fidelity of 503 RNA synthesis (Discrimination Factors of 120 ± 10 for M299I polymerase, 130 ± 10 for M323I 504 polymerase and 160 ± 10 for T353I polymerase).
505
The M392V polymerase mutation selected during serial passage in ribavirin was confirmed to 506 mediate ribavirin-resistance in poliovirus re-derived from an infectious cDNA clone (Fig. 7A ).
507
This mutation increased the polymerase Discrimination Factor (Table 3 ) without changing the 508 frequency of viral RNA recombination (Fig. 7B) , consistent with an impact on the fidelity of viral 509 RNA synthesis. Curiously, a mutation at an analogous site in the EV-71 polymerase (M393L) is 510 reported to resist the antiviral drug NITD008 (64). NITD008 is an adenine analogue whereas 511 ribavirin is a general purine analogue. Both NITD008 and ribavirin are pro-drugs converted into 512 triphosphate forms in vivo where they function as NTP substrates in the active site of the 513 polymerase. Deng and colleagues note that the EV-71 M393 side chain interacts with the primer 514 grip of the polymerase (64). They suspect that the M393L mutation influences the polymerase 515 active site in a way that inhibits NITD008 antiviral activity. We find that a M392V mutation 516 decreased the rate of RNA elongation coincident with an increase in the poliovirus polymerase 517 Discrimination Factor (Table 3) 
520
Two important phenotypes were shared by all of the ribavirin-resistant polymerase mutations in 521 poliovirus: efficient viral RNA recombination (Fig. 7) and increased fidelity of RNA synthesis 522 (Table 3) . A G64S mutation renders poliovirus resistant to ribavirin-induced error catastrophe by 523 increasing the fidelity of RNA synthesis (53, 58), but a G64S mutation is insufficient for ribavirin 524 resistance when viral RNA recombination is disabled by an L420A mutation (18). Consequently, 525 poliovirus with both G64S and L420A polymerase mutations is highly sensitive to inhibition by 526 ribavirin (Fig. 7, G64S L420A ). Furthermore, when subjected to serial passage in ribavirin, the L420A mutation in G64S L420A virus reverted to L420 in 3/3 lineages (Table 1) , resulting in 528 ribavirin-resistant G64S poliovirus.
529
Remarkably, despite substantial selective pressure, neither wt parental strains nor G64S 530 parental strains acquired any new polymerase mutations during serial passage in escalating 531 concentrations of ribavirin (Fig. 2 and Table 1 ). We used an MOI of 0.1 PFU per cell for each 
539
An extended primer grip in the viral polymerase. By using a codon mutation to inhibit the 540 rapid emergence of the G64S classic mutation, we identified M392V as a novel ribavirin 541 resistance mutation. The M392V mutation provided modest ribavirin-resistance as compared to 542 the magnitudes of ribavirin resistance found in the G64S virus cluster (Fig. 7A, G64S , M299I, 543 M323I & T353I). Structurally, M392 is found between L420 and the primer grip in polymerase 544 elongation complexes and L420, M392, and K375/R376 interact directly with viral RNA product 545 strand at the third, second and first bases from the active site, respectively. (Fig. 8) . These 546 protein-RNA interactions at the core of the polymerase facilitate both asexual and sexual RNA 547 replication mechanisms. A L420A mutation specifically disrupts sexual RNA replication 548 mechanisms without inhibiting asexual RNA replication mechanisms ( Fig. 1) (18, 19) while 549 K375A and R376A mutations impaired asexual RNA replication mechanisms to a sufficient 550 degree that both mutations were unstable (Table 2) . These results are consistent with the lethal 551 effects of clustered charge to alanine substitution mutations at these locations in the polymerase 552 (66). More conservative substitution mutations, K375R and R376K, were stably maintained in 553 virus and neither of these mutations disabled viral RNA recombination, but they had divergent 554 effects on ribavirin sensitivity, which the R376K mutation increased whereas the K375R 555 mutation had little impact.
556
Due to the interesting location of the M392V mutation within the elongation complex, we 557 engineered two additional mutations, M392A and M392L, at this residue. Both were stably 558 maintained in virus, but divergent phenotypic effects were observed. Virus with the M392A 559 mutation was highly susceptible to inhibition by ribavirin, virus with the M392L mutation had no 560 Kempf et al.
Sexual RNA Replication and Error Catastrophe 20 impact on ribavirin sensitivity, and virus with the M392V mutation was modestly resistant to 561 ribavirin. None of these M392 mutations had significant impacts on the magnitudes of viral RNA 562 recombination. However, biochemical data provided key information: the M392V mutation 563 decreased elongation rates coincident with increased nucleotide discrimination (Table 3) . These 564 data suggest that the M392V mutation impacts asexual RNA replication mechanisms by slowing 565 the rates of elongation coincident with increases in the fidelity of RNA synthesis.
566
Together, the data from the mutations at L420, M392, and the primer grip suggest that these 567 residues form an extended primer-grip surface on the polymerase that senses the 568 complementarity of the product duplex in the immediate vicinity of the active site (Fig. 8) . 
575
Reconciling distinct phenotypes of Y275H and L420A mutations. A L420A mutation renders 576 poliovirus susceptible to ribavirin-induced error catastrophe coincident with defects in viral RNA 577 recombination (18, 19) . Consequently, we conclude that viral RNA recombination counteracts 578 ribavirin-induced error catastrophe (18). In this study, we find that L420A revertants and 579 pseudorevertants (L420I and L420V) restored efficient sexual RNA replication mechanisms 580 coincident with increased resistance to ribavirin, as compared to L420A parental strains (Fig. 7) .
581
These data reinforce the correlation between efficient viral RNA recombination and resistance to 582 ribavirin-induced error catastrophe (18). However, data from a Y275H mutation seem to be 583 inconsistent with the conclusion that viral RNA recombination counteracts ribavirin-induced error 584 catastrophe (Fig. 7, Y275H) . A Y275H mutation inhibited viral RNA recombination without 585 rendering poliovirus more susceptible to ribavirin ( Fig. 7A and 7B) . These results are similar to 586 those reported by Acevedo and colleagues (60). At present, we are uncertain why the Y275H 587 mutation inhibits viral RNA recombination without rendering poliovirus more susceptible to 588 ribavirin. Importantly, the Y275 and L420 residues are structurally and functionally distinct. The 589 Y275 residue is located in the fingers domain and the Y275H mutation is 4-fold slower for 590 template binding and initiation (Table 3 ), suggesting a role in template binding that is 591 mechanistically upstream of L420's role in discriminating between homologous and non-592 homologous base pairing of the primer-template duplex near the active site. Thus, Y275 recruits 593 21 RNA templates in a presumably sequence independent manner whereas L420 enforces 594 sequence-dependent steps of homologous recombination. Further work will be required to 595 better understand these distinct steps of viral RNA recombination, and their divergent effects on 596 ribavirin sensitivity.
597
Picornavirus species groups and sexual RNA replication mechanisms. The ancient origin 598 of picornavirus RNA-dependent RNA polymerase suggests that viral RNA recombination has 599 been a characteristic feature of viruses for billions of years (1, 3, 4) 
629
The fidelity of RNA synthesis (53, 58) and the frequency of RNA recombination (18, 19) 
